Ilistory
A logging tool is being developed by Sandia Nlational Laboratories to look for minerals associated with uranium deposits. The tool uses a pulsed neutron generator to irradiate the nuclei in the formation surrounding the borehole, and an "Nl" type, high purity, germanium detector to observe the returning gamma rays. The presence or absence of particular elements, in conjunction with information gained from other logs, is expected to predict the location of uranium deposits away from the borehole. The "Proof of Principle" probe has been assembled and has a length of 3.66 reters and a maximum diameter of 7.6 cm. The cryostat in the probe has an operational life in the borehole exceeding 7.5 hours.
I'he resolution of the borehole detection system is presently about 5 keV due to noise from the internal DC -DC converter in the probe. Tests We intend to infer the mineral content of the forrnation from elemental ratios of specific elements and changes in these ratios. It might be possible to distinguish between reduced and oxidized formations by comparing ratios of iron to sulphur and iron to oxygen.
The oxygen content in a formation is relatively constant, and the presence of large amounts of sulphur could indicate a reducing area. It is probable that ambigious results will occur in some areas, and the use of additional logging tools to help define the formation would be indicated. A list of the elements that might prove useful in the prediction of uranium mineralization is given in Table 1 . The ability to detect inelastic gamma rays allows the analysis of both carbon and oxygen, two elements that cannot be seen from other interactions.
Prompt capture gamma rays can be used to determine most of the elements of interest in predicting the location of uranium mineralization. These events occur during the tiine that the thermal neutron population exists in the formation, about 3 ms following each neutron burst.
As the detector will have easily recovered from the initial neutron burst during this period, the only restriction on the detection of these gamma rays is the maximum count rate allowed by the The technique proposed by Sandia to obtain the elermiental analysis utilizes a pulsed 14 MeV neutron generator and a cooled high-purity germanium detector. This system appears to have several advantages over competing systems using an isotopic neutron source. These advantages include a higher energy source of neutrons, allowing the detection of reactions with a higher energy threshold; a shorter source-to-detector spacing, improving the counting statistics for a given source strength; and the ability to shut off the neutron source when the probe is not in the borehole. Possible disadvantages include detector damage from the closer, hiigh energy source and a poorer signalto-noise ratio resulting from increased Compton scatter from high energy gamma rays. 
Neutron Generator Section
The neutron generator components are similar to those developed earlier for the Prompt Fission NJeutron (PFNI) probe described in Reference 1 and another paper in this conference by Humphreys et al.7 . The DC -DC converter changes the voltage sent downhole over the logging cable (500 volts) to .+ 28 volts to power the detector package and incidental electronics in the neutron generator control circuitry. In addition, a high current, low voltage supply provides power for the gas reservoir in the neutron generator. The pulse generating assembly also utilizes the 500 volts sent down hole, charging two pulse forming networks to about 900 volts through an inductive ringing circuit.
The pulse forming networks provide the ion source drive and the target accelerator drive for the neutron generator, and are discharged upon receipt of a trigger pulse from the surface. The target accelerator drive is fed into a pulse transformer which increases the voltage to about 120 keV for the neutron tube.
The neutron generator system used in the "Proof of Principle" probe has a neutron ou'put of 1x105 neutrons/pulse and a maximum pulse rate of 100 pps. This output level is consistent with the detection of inelastic gamma rays, however a higher repetition rate, e.g. 1000 pulses/second, would provide better counting statistics in a shorter time.
Gamma Detector Section
The detector section of the logging tool contains a complete detection system designed by EGG-Ortec, Oak Ridge, TN. The package has a total length of 102 cm and an outside diameter of 6.4 cm. Included in the detection system are a high voltage power supply, amplifier, preamplifier, high purity germanium detector, and cryogenic cooling system.
The total assembly slides into the lower section of the logging probe, requiring only 1 28 volts input and an output signal connection.
The complete detector package weighs 7.73 kg.
The high voltage powver supply is a -4 kV adjustable supply, with a filtering network to insure a smooth voltage application to the detector.
Ihe reversible polarity allows it to be used with either a "1N" or "P' type of germanium detector.
The arnplifier has a unipolar pulse output and a variable gain, allowingD a 10 volt positive pulse for either a 5 MleV or a 10 11eV gamma ray into the detector. Thie shaping tirne constant on the amplifier is one microsecond to minirnize the effect of rnicrophonics on the detector resolution.
The amplifier uses a gated baseline restoration circuit, allowing only a 0.025 percent shift in the centroid of the 1.'3 NeV ganmma linee for a 1 to 25 kliz change in count rate.
The preamplifier in the detector package has a cooled FET input transistor mounted directly in front of the gereaniurni crystal. The input feedback resistor was selected to allow a 100,000 11eV/second energy throughput from the detector, equivalent to a 4 '1eV average energy spectrum at a 25 kHz random count rate.
As noted in Figure 1 , the electronics package is closely coupled to the front of the detector. This arrangement gives much better noise immunity than designs in which thie electronics and detector are widely separated.
The detector chosen for the gamma ray detection system is a Gamma-X8 , a 101% efficient, "'N" type coaxial detector. The 'IN" type crystal was chosen to minimize the damaging effects of neutron radiation on the detector. Although all germanium detectors are susceptible to damage by neutron radiation, Pehl9 has shown that "N" type germanium is 30 to 50 times more tolerant than the normal "P" type material. The data were taken for neutrons with an energy of about 2 MeV, and there is some concern that the damage threshold might be lower for the high energy neutrons. We will probably provide the data point when our logging probe becomes fully operational. To improve the life of both "N" and "P" type germanium, Pehl has developed an annealing technique that provides almost complete recovery of the irradiated detector to its initial condition. Pehl 10 has indicated that the annealing process can be performed many times as far as the germanium crystal is concerned, but that the electrical contacts on the surface of the crystal may fatigue and cause detector failure. The magnitude of this problem can only be evaluated by cyclically performing the annealing process.
In any event,
reworking the electrode area is relatively inexpensive compared to replacing the germanium crystal. The design of the cryogenic cooling section of the detector system is radically different from the usual cooling techniques used in downhole logging probes. These techniques, based on the original patent of Tanner et al. 11 , utilize the latent heat of fusion of a melting solid such as propane to maintain the germanium crystal within its operating temperature range.
The propane is either contained in a pressurized cannister or is used in a sealable container which is filled and frozen prior to its use in the field. the design requires that the cooling paclkage be vertically above the detector, since the frozen propane, which is denser than the liquid, must remain in contact with the "cold finger" frorn the detector.
In the design of our logging probe it was impractical, because of packaging and noise considerations, to use such an approach. The large noise pulses generated by the operation of the neutron generator required a close-coupled electronic design, with only low impedance, terminated lines passing in close proximity to the neutron generator.
In addition, the length of the propane cooling section for a reasonable holding timie would have resulted in an extrernely long loggina probe. The cooling section designed by EGG-Ortec for our probe may be used in any orientation, allowing the placement below the detector in a borehole probe, hias a length of 61 cm, and has a useful operational life of 7.5 hours in a 20 C borehole. Ihe cooling technique uses a well insulated, solid copper rod whiich is cooled to a ternperature slightly above the tetmperature of liqujid nitrogen. After the rod is cooled, the heat flow into the system from radiation through the vacuum surroundina thie detector and cooling rod, and the conduction into the system through thie electrical feedthroughs and supports causes a gradual temperature rise in the copper and the detector.
Initial Wle will correct the data in our computer analysis pro-rarwi. The first step in the analysis of the data taken with the logging probe will be to use an automatic peak 1~4 stripping/location code, FIYPERIIET . This code has the capability of locating all true peaks with a high pr obability of success while discriminating against statistical fluctuations, Compton edges, and other spurious features which might occur in the spectrum. HYPERilET can give a satisfactory fit to the variety of peak shapes, including overlapping peaks, that might be found in a spectrurn. When a peak is located, a search is also performed to deterrmiine if there might be any close-lying peaks which could distort the shape of the located peak. If an additional peak is found, as defin-ed by an improvemrent in the quality of the calculated fit to the data, thie peak is retaiined and another search is performed. This process is repeated until the addition of another peak results in a degradation of the previous fit to the data. When this occurs, the previous calculation is retained and the search continues in the next region. The output of HYPERWIET is a table of the located peak energies above an established confidence level with the calculated intensities and an estimate of the error shown for each peak.
The second step will be the identification of the located peaks.
As no generalized program has been located for performing the identification, the initial analysis will be done by hand. This analysis might be adequate for some inability to include all trace elements in the formation in the calculation. In this case, it may be necessary to include an unidentified background spectrum to explain all of the data in the spectrum. With desert soil. The detector was located outside the testpit, looking at the generator through the soil.
T'hree pipes were placed inside the testpit allowing source-to-detector distances of 91 cm,n, 46 cm, and 30 cm.
Thie neutron generator was run aIt 100 pps with an output of 1x105 neutrons/pulse. Spectra were obtined with the formation dry arnd with the formation saturated with water. Experiments were performed with the ADC used in the coincidence mode to determine the presence of inelastic garmma rays fromi the formation, while the same pulse with the ADC in the anticoincidence mode was used to block the inelastic events and examine the capture and activation gamma rays. The results, discussed in detail in the paper by Evans et al. 19 indicated that the acquisition of inelastic spectra was possible if care was taken not to saturate the detector during the pulse. They also indicated the advisibility of increasing the repetition rate of the generator to
